
Search for pair-production of new heavy colored particles
decaying to pairs of jets in pp̄ collisions at

√
s = 1.96 TeV

We present a search for the pair-production of a heavy colored particle Y which decays to a pair
of quarks or gluons, leading to a final state with four hadronic jets. We consider both non-resonant
production via an intermediate gluon as well as resonant production via a heavy intermediate colored
particle X. In data collected by the CDFII experiment in pp̄ collisions at

√
s = 1.96 TeV corre-

sponding to integrated luminosity of 6.6 fb−1, we find the data to be consistent with standard model
predictions. We report limits on σ(pp̄ → Y Y → jjjj) versus mY and σ(pp̄ → X → Y Y → jjjj)
versus mX and mY . In the context of non-resonant coloron C production, we exclude mC between
50 and 125 GeV/c2; in an R-parity-violating stop quark t̃ hypothesis we exclude mt̃ between 50 and
100 GeV/c2. In the context of hyperpions produced via an axi-gluon resonance A, we exclude mA

between 100 and 400 GeV/c2 for coupling values preferred by the anomaly in the CDF top-quark
forward-backward asymmetry.

PACS numbers:

One of the few hints of new physics at the TeV scale
is the CDF top-quark forward-backward asymmetry Afb

measurement [1–3]. Many theoretical models have been
proposed to explain this result, most with specific predic-
tions of excesses which would confirm their hypotheses.
However, nearly all have been excluded, mostly due to
the lack of excesses of same-sign top-quark pair produc-
tion [4, 5], or top+jet resonances [6–8]. One of the last
remaining viable models is the production of top-quark
pairs via a light axi-gluon which interferes with standard
model (SM) tt̄ production to produce the observed asym-
metry. The axi-gluon would be visible in its alternate
decay mode to low-mass colored particles, each of which
decay to a pair of jets [9] giving a four-jet final state.
This final state is of broad interest, as other models pre-
dict pair-production of colorons decaying to jet pairs with
no intermediate resonance [10, 11] and R-parity-violating
supersymmetric theories predict pair-production of light
stop quarks which each decay to pairs of light quarks.

The mass of the axi-gluon or its colored decay prod-
ucts are not predicted, but must be fairly light to ex-
plain the Afb measurement [12]. The LHC experiments
have excellent sensitivity at high mass due to the large
center-of-mass energy, but difficulties at low mass due to
high interaction rates. The ATLAS experiment ruled out
masses between 100 and 150 GeV/c2 [13] but could not
probe lower masses due to trigger rates. There are no lim-
its below 100 GeV/c2 for non-resonant pair-production of
di-jet resonances, and no limits on resonant production.

This Letter reports a search for both non-resonant and
resonant production of pairs of colored particles, each of
which decay to a pair of jets. Rather than probing a
specific theory, we construct a simplified model with the
minimal particle content. In the non-resonant case, we
consider production pp̄ → Y Y → jj jj, with a single
parameter mY . In the resonant case, pp̄→ X → Y Y →
jj jj, we explore two parameters, mX and mY . See
Figure 1.

We analyze a sample of events corresponding to an in-
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FIG. 1: Diagrams for resonant (left, via X) and non-resonant
(right) pair-production of Y , with subsequent decays to pairs
of gluons.

tegrated luminosity of 6.6±0.5 fb−1 recorded by the CDF
II detector [14], a general purpose detector designed to
study pp collisions at

√
s = 1.96 TeV produced by the

Fermilab Tevatron collider. CDF’s tracking system con-
sists of a silicon microstrip tracker and a drift chamber
that are immersed in a 1.4 T axial magnetic field [15].
Electromagnetic and hadronic calorimeters surrounding
the tracking system measure particle energies, with muon
detection provided by an additional system of drift cham-
bers located outside the calorimeters.

We reconstruct jets in the calorimeter using the jet-
clu [16] algorithm with a clustering radius of 0.4 in η−φ
space, and calibrated using the techniques outlined in
Ref. [17]. Events are selected online (triggered) by the
requirement of three jets, each with ET > 20 GeV and
with ΣET > 130 GeV [18]. After trigger selection, events
are retained if at least four jets are found with ET > 15
GeV and |η| < 2.4.

We model the production of resonant and non-resonant
production with madgraph5 [19] version 1.4.8.4 and
the cteq6l [20] parton distribution function (PDF).
Additional radiation, hadronization and showering are
described by pythia [21] version 6.420. The detector
response for all simulated samples is modeled by the
geant-based CDF II detector simulation [22].

The trigger and selection have an efficiency up to 90%
if ΣET is well above the 130 GeV trigger threshold. Be-
low that, the efficiency drops rapidly, see Fig. 2. In the
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FIG. 2: Overall efficiency, including trigger and selection re-
quirements. Top, efficiency for several simulated non-resonant
Y Y → jjjj samples with varying mY . The shaded band
shows the uncertainty; similar uncertainties, not shown, apply
to the bottom pane. Bottom, efficiency for several simulated
resonant X → Y Y → jjjj samples with varying mX and
mY . The turn-on curve is determined largely by the trigger
requirement that ΣET > 130 GeV.

non-resonant-production model, the ΣET is strongly cor-
related with mY . In the resonant-production model it is
correlated with mX ; additionally if mX − mY is large,
the pT of the resulting Y is large, which leads to a small
opening angle of its decay products and a loss of efficiency
due to merged jets.

To reconstruct the di-jet resonance, we consider the
four leading jets and evaluate the invariant mass of each
of the di-jet pairs in the three permutations, choosing the
permutation with the smallest mass difference between
the pairs. As the pair masses are correlated, we take
the mean of the two pair masses as the estimate of the
di-jet resonance mass. To reduce background levels, we
require that the relative mass difference is less than 50%,
and that the production angle θ∗ of the di-jet resonance
in the center-of-mass frame satisfies cos(θ)∗ < 0.9. In
the resonant production analysis, we calculate the four-
jet invariant mass. No specific mY -dependent selections
are made; the requirement that the relative di-jet mass
difference be small ensures compatability with the X →
Y Y hypothesis.

The dominant background is multi-jet production. We
model this background contribution using a parametric
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FIG. 3: Reconstructed mean di-jet mass in events with four
jets. Top pane shows the events, with a parametric fit and
several signal hypotheses overlaid. Bottom pane shows the
relative difference between the observed data and the fit in
each bin.
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FIG. 4: Reconstructed mean four-jet mass in events with four
jets. Top pane shows the events, with a parametric fit and
several signal hypotheses overlaid. Bottom pane shows the
relative difference between the observed data and the fit in
each bin.

function which is fit to the reconstructed mass spec-
trum of the observed data. The function is a piece-
wise combination of a third-order polynomial to de-
scribe the turn-on region, a third-order polynomial to
describe the peak region and a double-exponential of
the form f(m) = a1e

−(m−a2)
a3/a4 to describe the falling

spectrum. For the di-jet mass, the ranges used are
[35, 82.5], [82.5, 140], and [140, 700] GeV/c2; for the four-
jet mass, the ranges used are [115, 185], [185, 330], and
[330, 800] GeV/c2. The functional form was chosen based
on its ability to accurately describe the mass spectra of
simulated multi-jet events generated by alpgen [23] ver-
sion 2.10.

The dominant source of systematic uncertainty is due
to the multi-jet background model. The parametric func-
tional form was chosen to be flexible enough to describe
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the multi-jet mass spectrum, but rigid enough to avoid
accurately describing a spectrum which includes a nar-
row resonance, so that in the presence of a real signal
a signal-plus-background hypothesis would be preferred.
The functional form is an approximation, which even in
the absence of a narrow feature may deviate from the
observed spectrum. We estimate the impact of these po-
tential deviations by measuring their magnitude in two
control samples in which the signal is depleted. The first
requires a large relative di-jet mass difference, greater
than 50%, and the second requires cos(θ)∗ > 0.9. The
observed relative deviations are then applied to the ob-
served spectrum in the signal region to estimate the mag-
nitude of spurious deviations due to the imperfect func-
tional form.

An additional uncertainty is due to our knowledge of
the trigger efficiency [24] of the simulated signal samples,
varying from 20% relative at ΣET = 120 GeV to 10%
above ΣET = 200 GeV. Uncertainties in the calibration
of the jet energy and resolution modeling also contribute
to uncertainties in the efficiency and reconstructed mass
spectrum of the signal samples, though these are small
relative to the fitting and trigger uncertainties.

In the non-resonant analysis, for each Y mass hypoth-
esis, we fit the most likely value of the Y pair-production
cross section (σY Y ) by performing a binned maximum-
likelihood fit of the di-jet mass distribution, allowing for
systematic and statistical fluctuations via template mor-
phing [25]. The likelihood is binned in di-jet mass and
takes the form of

L(σY Y ) =
∏
bin i

f ibg(~a) + σY Y × L× ε× f isig

where fbg(~a) is the parametric function with nuisance
parameters ~a defined above to describe the background
spectrum, fsig is a normalized template of the expected
shape of the signal built from simulated events, and L×ε
is the product of the integrated luminosity and efficiency.
No evidence is found for the presence of pair-production
of di-jet resonances so we set upper limits on Y pair-
production at 95% confidence level. Limits are calculated
by performing hypothetical simulated experiments with
the signal injected at a range of cross sections without
profiling the systematic uncertainties; these experiments
are used with the CLs method [26] to obtain the limits.
The observed limits are consistent with expectation for
the background-only hypothesis. The resonant analysis
is very similar, but scans the X mass hypothesis, fitting
the four-jet mass distribution for the most likely value of
X production cross section, σX .

In the non-resonant case, this analysis sets the first lim-
its on coloron or stop-quark pair production with masses
below 100 GeV/c2, see Table I and the top of Fig. 5.
The uncertainty on the theoretical cross-section predic-
tion is taken from an alternative PDF, mstw2008lo [27],
as well as a variation of the renormalization and factor-
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FIG. 5: Upper limits at 95% CL. Top, limits on σ(pp̄ →
Y Y → jjjj) versus mY in the non-resonant analysis. Two
signal hypotheses are shown, see text for details. Bottom,
limits on σ(pp̄ → X → Y Y → jjjj) versus mX and mY .
Circles indicate the grid of simulated samples where limits
are evaluated; intervening values are interpolated.

TABLE I: Observed and expected 95% CL upper limits on
σ(pp̄ → Y Y → jjjj) for several values of mY . Also shown
are theoretical predictions for coloron pair production [10, 11]
or stop-quark pair production with R-parity violating decay
t̃→ qq′ [28].

CDF RunII Preliminary
∫
Ldt = 6.6 fb−1

Mass Expected Observed Coloron stop quarks
(GeV/c2) (pb) (pb) (pb) (pb)
50 239.5 246.8 320 570
70 75.3 61.9 180 100
90 8.2 5.9 62 26
100 10.8 16.9 37 15
125 14.0 10.8 11 4.4
150 37.2 46.4 3.7 1.5
200 4.5 2.0 0.60 0.25
250 2.7 1.5 0.11 5.4 · 10−2

300 2.0 3.0 2.9 · 10−2 1.3 · 10−2

400 1.1 1.5 1.7 · 10−3 7.2 · 10−4

500 0.3 0.3 8.5 · 19−5 3.6 · 10−5
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TABLE II: Observed and expected 95% CL upper limits on
σ(pp̄→ X → Y Y → jjjj) for several values of mY and mX .
Also shown are theoretical predictions for axi-gluon produc-
tion assuming coupling to quarks of Cq = 0.4 [9, 12].

CDF RunII Preliminary
∫
Ldt = 6.6 fb−1

mX mY Expected Observed Axi-gluon
(GeV/c2) (GeV/c2) (pb) (pb) (pb)

150 50 641.2 431.1 5600
70 209.6 270.6

175 50 66.8 78.9 3500
70 111.5 163.9

200 50 13.8 9.5 2200
70 30.4 91.5
90 17.8 100.4

225 50 18.0 26.0 1750
70 20.7 25.0
90 20.9 25.3

250 50 6.2 2.0 1000
70 4.0 3.6
90 5.1 2.8

275 50 6.5 1.2 850
70 7.7 1.3
90 9.7 1.4

300 50 5.0 7.1 540
70 2.4 2.6
90 1.7 1.0
140 1.8 1.2

400 50 15.5 6.8 170
70 15.0 20.2
90 30.6 52.8
140 41.0 74.6
180 46.9 79.1

500 50 20.7 6.8 60
70 15.9 4.7
90 17.7 5.9
140 25.2 7.0
180 26.7 8.0
220 29.7 9.3

ization scales by a factor of two in each direction. In
the resonant case, this analysis excludes axi-gluon pro-
duction in the case of coupling to quarks Cq = 0.4 (see
Table II and the bottom of Fig. 5) which is close to the
value required to explain the top Afb result [12]. To be
consistent with our limits, the couplings would have to be
lower by an order of magnitude; maintaining consistency
with the top Afb result would require different couplings
to light-quarks and heavy-quarks, with the heavy-quark
coupling approaching the perturbative limit.
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ADDITIONAL PLOTS
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FIG. 6: Reconstructed average di-jet mass for several simu-
lated non-resonant Y Y → jjjj samples with varying mY .
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